Hydroxyapatite / graphene (HAP/GNPs) composites were prepared by spark plasma sintering (SPS).
Introduction
Implant biomaterials brought into direct contact with body tissue without any intermediate layer.
Biomaterials may be divided into three main groups; plastics, metals or alloys and ceramics [1, 2] .
The most promising bioceramic material is a hydroxyapatite (HAP, Ca10(PO4)6(OH)2). It is a most used implant for tissue implantation due to its similarity with apatite in human skeletal system, bone and teeth in terms of the chemical composition (Ca/P ratio of 1.67) and crystal structure [3] . HAP in different forms (powder, fiber, sintered) exhibited the excellent biocompatibility [4, 5] . Sintered HAP may be an ideal candidate for orthopaedic and dental implants. The sintered HAP body showed lower mechanical properties as poor fatigue resistance, low toughness and flexural strength, which restrict its use as a major load bearing parts in the body [6] . Moreover, its chemical stability is limited to tri-and tetracalcium phosphates when exposed to prolonged heat during processing [7] [8] [9] . One of route to increasing the poor mechanical properties of sintered HAP is a development of nanosized HAP [10, 11] . The nanosized HAP can improve the sintering kinetics due to higher surface area and hence improved mechanical properties [12] . Other possible ways to overcome these mechanical limitations include the incorporation of a second reinforcement phase in the HAP matrix and lowering the sintering temperature to avoid chemical decomposition. Among reinforcing fillers glass, alumina, or various carbon nanosturctures, such as carbon nanotubes or graphene nanoplatelets have been investigated [13] [14] [15] [16] [17] . Graphene nanoplatelets (GNPs) formed by several layers of graphene with a thickness of up to 50 nm [18] . The superior properties of graphene or GNPs have already been utilized as filler additive to polymers [19] [20] [21] or ceramics [22] . So far only a few reports have been published on the use of graphene additive to improve the mechanical properties of hydroxyapatite ceramics [23] . Zhao et al. [24] prepared graphene platelet/biphasic calcium phosphate composites by hot pressing. He reported a considerable improvement in terms of mechanical properties like bending strength and fracture toughness using 1.5 wt% GNPs.
Contrary to other traditional sintering techniques in SPS the sample is directly heated by the applied electric current which results in quite fast and effective heating [25, 26] . Even though the precise mechanism of sintering by pulsed electric current has not been clearly understood yet, its beneficial features are undeniable. This includes the clean interphases, the restricted grain growth because of lower temperature and shorter holding time, which eventually allows the production of nanostructured ceramics [27] . In this work, graphene nanoplatelets were used for reinforcing nanosized HAP and the densification processes were carried out by SPS method. The structural and mechanical properties of the HAP / GNPs composites have been studied. The effects of applied sintering temperature (700°C, 900°C) and holding time (5 min, 10 min) on the mechanical properties and the structure of the composites are discussed.
Experimental Procedure

Starting mixture
The starting powders used in these experiments were HAP powder and graphene. HAP preparation from eggshell and ortophosphoric acid in the laboratory was described earlier [28] . The as-prepared HAP powder is of 66 nm in size. The mean size was calculated from the measured specific surface area (29 m2*g-1) of the HAP powder by 7 point BET method using Autosorb 1C apparatus. However, because of the high surface activity, HAP grains formed 5-20 μm size agglomerates. Multilayer graphene (MLG) or graphene nanoplatelets (GNPs) was prepared by milling synthetic graphite (Aldrich) in ethanol using a highly efficient attritor mill (Union Process, type 01-HD/HDDM) equipped with zirconia agitator delta discs and zirconia grinding media in a 750 ml silicon nitride tank. The milling process has been performed with high rotation speed, 4000 rpm until 10 h. The milled product was dried and sieved with a filter with a mesh size of 325. According to analysis the mean thickness of the crystallites was 13.7 nm, which is equivalent to 40 graphene layers [29] [30] . HAP powder and GNPs were mixed in a 98 to 2 wt% ratio and milled in a high efficient attritor mill equipped with zirconia agitator discs, zirconia grinding balls and zirconia tank (750 mL). This milling process has been performed in ethanol with high rotation speed (4000 rpm) for 2 hours, then the slurry was dried and sieved.
Sintering
The as-obtained mixtures were then sintered to discs of 3 cm in diameter and 5 mm in thickness by spark plasma sintering machine (HD P5, FCT GmbH). Composites with different sintering temperatures (700°C and 900°C) and holding times (5 and 10 minute) were prepared ( Table 1 .) The heating rate was 100°C/min up to 700°C and from 700 to 900°C it was decreased to 50°C/min for fearing of abrupt gas accumulation. Temperature was continuously measured by thermocouples inserted to the graphite die. A chamber pressure of 1 mbar was maintained during consolidation. The powders were uniaxialy compressed throughout the sintering process with 50 MPa. Linear shrinkage of the powder compacts was monitored on line by measuring the relative displacement of the graphite punch.
Analytical techniques
Densities of sintered bodies were measured using Archimedes' principle immersion method, both apparent and bulk densities were determined. Theoretical density was calculated from data of starting materials (for HAP: 3.16 g/cm3, for GNPs: 2.25 g/cm3 [31] ). X-ray diffraction (XRD) measurements were performed on a Siemens D5000 diffractometer using CuKα1 radiation. HG-10-7 700 10 HG-10-9 900 Table 1 . SPS conditions during HAP composites preparation.
Results and Discussion
Thermodynamic calculation
During sintering the HAP composites are exposed to high temperature so chemical reaction may also occur beside consolidation. As graphene layers were incorporated in the mixture and the die itself is made of graphite reduction may also take place between components. In order to predict the possible reactions thermodynamic calculation was carried out by code FACTSAGE, which determines the thermodynamically most stable phases and their relative amounts at a given temperature and pressure by Gibbs energy minimization. Even though CaCO3 is not stable above 860 °C at atmospheric pressure, probably due to the applied uniaxial pressure during SPS it did not decompose or at least not completely even at 900°C. The main reason for the minor presence of CaCO3 in the starting mixture is the preparation method of HAP powder since it was synthesized from a biogenic material, eggshell as detailed in [34] . Figure 3 . XRD patterns of the sintered bodies and the starting HAP powder Table 2 . Characteristics and properties of the sintered samples
In Table 2 . relative densities and other mechanical properties of particular tests obtained after Alternatively, reaction may occur between the carbon and HAP. This is, however, should be excluded by the thermodynamics calculations. In addition, it is not confirmed by XRD results, either.
The relative densities and other mechanical properties of HAP samples obtained after sintering are listed in Table 2 . Density values show an interesting trend. The higher relative densities were obtained in the case of 700°C sintering temperature compared with 900°C. The sintering time did not have discernible effect to the mechanical properties. One reason of the remaining porosity could be the presence of graphene layers. Increased numbers of pores was reported for other graphene incorporated ceramic composites [35] , too. It was mainly attributed to the clustering of the graphene layers. The higher amount of pores at the higher sintering temperature, however, implies other sources of pore formation that occurs with increasing temperature. This suggests the decomposition of CaCO3 at higher temperature that result in CO2. Alternatively, reaction may occur between the carbon and HAP. This fact should be excluded by the thermodynamics calculations. In addition, it is not confirmed by XRD results, either. Mechanical properties including hardness and bending strength follow a similar trend as relative density (Table 2. ). Higher values were achieved applying lower sintering temperature. This tendency is probably also related to porosity of the HAP/graphene samples.
The influence of 2 wt% graphene addition to the mechanical changes was observed. The hardness of pure HAP sintered at 600°C showed 3.9 ± 0.2 GPa and 3 point bending strength was 58 ± 5 MPa from our previous work [36] . This fact proves that the addition of graphene may the positive effect of mechanical properties of composite. The SEM investigations of HAP/graphene composites were shown in Fig. 4 . closed to porosities (Fig. 4a) . The increasing of sintering time caused the change of main part of grain´s morphology from elongated to polycrystalline form. The average length of grains doubled.
The few micrometer GNPs were located between HAP grains (Fig. 4b) .
Increasing of sintering temperature from 700°C to 900°C resulted in morphological change and decreased HAP grain size. The average size of polygonal HAP grains was around 200 -250 nm. In this case, the 500 nm size GNPs were observed between HAP polygons (Fig. 4c) .
The 900°C and 10 min sintering time resulted in HAP crystals of 800 nm -1 m length and 250 nm width. The GNPs plates were destructed to few tens nanometer size (Fig. 4d) . Only in this case, no agglomeration of GNPs was observed.
The SEM observation confirmed increased fraction of hexagonal shaped grains with longer sintering time and higher temperature. Champion et al. claimed that grain growth during either pressureless sintering or SPS is significant only above 95% of theoretical density [25] . This fact also confirms that the lower values of theoretical density of the samples sintered at 900°C must be due to pores generated at that higher temperature probably by the decomposition of CaCO3. Nakahira et al. [37] and Watanabe et al. [38] showed that SPS at high temperatures leads to the selective growth of caxis of HAP crystals, resulting in coarse acicular grains that tend to lie in planes perpendicular to the direction of the applied compressive stress. Similar microstructure developed in silicon nitride ceramics during SPS, Shen Z. et al. [39] studied the formation of elongated grains and their effect on toughness. They concluded that the mechanism of grain growth during SPS, named 'dynamical ripening' is different from the Ostwald ripening.
Conclusions
In this work graphene nanoplatelet reinforced (2 wt%) hydroxyapatite bioceramics were prepared by spark plasma sintering. Low sintering temperatures (700 and 900 °C) and short holding times (5 and 10 min) were applied to avoid HAP decomposition and possible oxidation of the graphene platelets.
The main findings were, as follows:
• SPS treatment of a HAP/2 wt% GNPs composite proved to be superior in terms of mechanical properties over pure sintered HAP items.
• Best combination of the mechanical properties were obtained at as lower sintering temperature as 700 °C using 5 min sintering time with bending strength of 119 MPa and hardness value of 4 GPa. These values decreased at higher sintering temperature (900°C) due to the increased porosity, which can be attributed to the decomposition of the CaCO3 presented in minor amount in the starting powder as impurities.
• At higher sintering temperature the amount of the hexagonal shaped grains significantly increased, although their effect on the mechanical properties could not be noticed.
The authors believe that even better properties could be achieved using other, CaCO3 free HAP as starting material and improving the dispersion method of graphene to prevent its clustering in the matrix.
